Background: Venom-induced consumption coagulopathy (VICC) is an important feature of snake envenoming. Aim: To investigate the effect of antivenom and fresh frozen plasma (FFP) on recovery of VICC in Australian elapid snake envenoming. Design: Prospective cohort study. Methods: Patients with VICC were included from the Australian Snakebite Project (ASP). Time to recovery of VICC (defined as time until INR <2) was investigated using a time to event analysis in WinBUGS. The model considered the effects of age, sex, snake type, time of antivenom after bite, antivenom dose and use of FFP within 4 h. Results: The study included 167 cases of VICC, median age being 41 [interquartile range (IQR): 28-53) years, and 130 (78%) were males.
Introduction
Snake envenoming is a major cause of injury in the rural tropics. A common manifestation of severe envenoming is venom-induced consumption coagulopathy (VICC). [1] [2] [3] [4] [5] Antivenom is a mainstay of management although there have been no placebo controlled trials to confirm its effectiveness. In VICC, the aim of antivenom therapy is to bind circulating venom components that activate clotting pathways, preventing further consumption and thereby promoting clotting function recovery. In Australia, the presence of VICC is used to initiate antivenom treatment in about three-quarters of all cases of snakebite receiving antivenom. 4 We recently developed a semi-mechanistic systems model of the coagulation pathway and simulated the effects of taipan venom on the pathway. 6 These simulations matched well with clotting factor data obtained from real taipan bites. They also indicated that neutralization by antivenom must occur almost immediately after venom enters the circulation to significantly impact on recovery time of the coagulopathy. 6 This has profound implications for antivenom therapy in VICC, at least that resulting from Australian snake bite. The model suggests that antivenom may not be effective in the treatment of the coagulopathy if given more than an hour after envenoming.
Unfortunately, it is difficult to test this hypothesis in envenomed patients. A placebo controlled trial of antivenom would be ethically challenging and logistically very difficult to conduct in Australia. A different approach is to investigate the effect of the timing of antivenom on the recovery of VICC. If antivenom is effective, then administration of antivenom within a reasonable period of time after the bite (i.e. <6 h) should significantly reduce the time to recovery of VICC and earlier administration times should have progressively greater effects on recovery. Our aim was to assess whether time to recovery of VICC is shortened by earlier administration of antivenom and/or the use of fresh frozen plasma (FFP).
Methods
We analysed a cohort of patients with VICC recruited to the Australian Snakebite Project (ASP), a multicentre prospective observational study of snake bite cases from tertiary and regional hospitals and associated poisons centres around Australia. The pre-defined aims of ASP are to determine the effectiveness and safety of antivenom, using serial clinical and laboratory features as well as measurement of venom and antivenom concentrations. Approval has been obtained from Human Research and Ethics Committees covering all institutions involved in the study.
Recruitment can occur at any Australian hospital, and cases are identified by local investigators, calls made to poison information centres, calls to clinical toxicologists and toxinologists and from notifications by laboratory services. Demographics, clinical and laboratory details, first aid and treatment of patients are recorded on study datasheets and were made available to the treating hospital by fax from the chief investigators. Additional calls were made by the investigators to ensure that datasheets are faxed back to the investigators via a national fax number prior to discharge of the patient. Investigators and research nurses ensured that datasheets are completed and data are entered into a purpose-built relational database (Microsoft Access TM ). A few cases (<5%) were recruited shortly after the discharge from hospital, if the required data can be verified from laboratory records, hospital notes and by communication with the treating doctors. Decisions about all treatments, including antivenom and factor replacement, were made by the treating doctor. Specific data collection protocols and datasheets for ASP have previously been published or are available from the authors. 4 In Australia, antivenom is produced only by one manufacturer, CSL Ltd.
This Information was extracted from the database on patient demographics, time of the bite, serial coagulation studies, type of snake based on snake venom detection kit or snake identification by a professional herpetologist, details of antivenom treatment (dose and time of administration) and factor replacement therapy (type and time of administration).
Although the specific type of analysis and primary outcome in this analysis were not defined prior to the commencement of ASP, the objectives of ASP were to investigate the effectiveness of antivenom using pre-defined objective variables.
Analysis
The primary outcome was the time interval from bite to first INR <2 (or PT < 24 s) as a measure of progress to VICC resolution. This cut-off has been previously defined by the investigators in a laboratory study of VICC 7 and was decided prior to any analysis being undertaken. A fully Bayesian survival analysis was developed in WinBUGS 1.4.3 to investigate the effect of predictor variables on the time to recovery of VICC. Predictor variables included-time interval from bite to antivenom, dose of antivenom, use of FFP within 4 h of first antivenom administration, age, sex and snake type (brown snake or tiger snake group).
The distribution of the time to recovery (event) was assumed to follow a Weibull distribution which allows for a non-constant hazard. Patients naturally recover from VICC and in our dataset all patients were followed until recovery. Predictor varialbes were included as covariates in the model. Model selection was based on deviance information criterion 8 and decisions about the inclusion of covariates were made by examining the probability distribution of the coefficients. Goodness of fit of the model was investigated by comparing Kaplan-Meier plots to the predicted times to event from the model. To further explore, if antivenom decreases the time to recovery we dichotomized the time to antivenom based on administration before and after 6 h from the bite and excluded the patients receiving FFP.
Results
There were 167 cases of severe VICC with a median age of 41 [interquartile range (IQR): 28-53] years and 130 (78%) were males. One hundred cases were bites by brown snakes (Pseudonaja spp.), 60 were bites by tiger snake or related genera (Notechis spp., Tropidechis spp. and Hoplocephalus spp.) and seven were bites by taipans (Oxyranus scutellatus). Monovalent or polyvalent antivenom was administered in all cases at a median of 3.6 (IQR: 2.2-5.6; range 0.58-18) h after the bite and the median dose was four (IQR: 2-6 vials; range 0.2-17) vials. Twenty patients received FFP but only 13 patients received FFP within 4 h of first antivenom administration. Three patients died after their coagulopathy resolved, and one patient was excluded who died prior to the coagulopathy recovering. All three patients who died presented to hospital following an early pre-hospital cardiac arrest within 1 h of the bite and at least a 10-min period without cardiopulmonary resuscitation and died of either hypoxic brain injuries or intracranial haemorrhage (Figure 1) .
Recovery of VICC occurred at a median of 14.4 (IQR: 11.5-17.5; range: 3-29.8) h after the bite. Visual inspection of covariate plots for the time to recovery suggested a relationship between FFP and time to recovery ( Figure A1) . A time to recovery model provided a good fit to the data ( Figure A2 ) and the only predictor variable that was significant was the administration of FFP within 4 h of antivenom. The dose of antivenom and the time to antivenom did not reduce the time to recovery from VICC. In patients administered with FFP within 4 h of antivenom, 12% [credible interval (CrI): 6-21%] and 81% (CrI: 61-94%) had recovered at 6 and 12 h, respectively, vs 2.5% (CrI: 1.5-4%) and 28% (CrI: 22-34%) when FFP was not given (Figure 2 ). The significance of the effect of FFP was not influenced when adjusted for the other four factors.
One hundred and twelve of the 141 patients who did not get FFP received antivenom within 6 h of the bite-early antivenom group. In patients receiving early antivenom, 3% (CrI: 2-5%) and 33% (CrI: 26-39%) had recovered at 6 and 12 h, respectively, which was not different from the 3% (CrI: 1-4%) and 27% (CrI: 19-35%) recovery rates at 6 and 12 h, respectively, for antivenom given after 6 h (Figure 3) . 
Discussion
In this study, neither earlier administration of antivenom nor higher doses of antivenom reduced time to recovery of VICC supporting predictions from a systems model of the coagulation pathway. However, early administration of FFP was associated with faster recovery. The estimation of the positive effect of FFP was highly precise with tight CrIs. The effect of antivenom when administered before and after 6 h had tight CrIs which overlapped. The latter indicates that antivenom appears ineffective to treat VICC.
There is an urgent shortage of antivenom in the rural tropics where snake envenoming is a major public health issue, and action is required to develop antivenoms for these regions. 9, 10 However, there must be proper evaluation of antivenoms as they are developed to ensure that they are effective. It is essential to evaluate the effectiveness of antivenom against specific effects, so that antivenom is only used where it will be beneficial. It has always been believed that antivenom therapy is effective in improving the recovery of coagulopathy in snake bite. For Australian elapids, this is now in doubt, and it is important that similar assessment is made for snake envenoming in other parts of the world.
The use of factor replacement in VICC remains controversial, and there are few studies investigating this issue. 1, 11, 12 FFP is the most widely available factor replacement and its administration is aimed to rapidly replace important clotting factors including fibrinogen, factors V and VIII. However, there have always been concerns that factor replacement may 'fuel the fire' of the consumptive process. Evidence from this prospective study does not support the 'fuel on the fire' conjecture in VICC caused by Australian elapids and indeed supports that FFP replacement greatly reduces the time to recover and potentially the risk of bleeding. This is consistent with a preliminary retrospective study from western Australia (prior to 2003) when FFP was commonly used to treat VICC. 13 Randomized controlled trials of factor replacement must now be undertaken in snakebite coagulopathy.
Clearly, there are limitations in the design of this study because there was no placebo antivenom group, a limitation caused by its wide acceptance in current practice, and FFP administration was not randomized. However, the investigators were rarely involved in decision about the timing of antivenom, the use of FFP and this cohort study, therefore provides a source for this information and outcomes.
Conclusion
Current practice in the treatment of snakebite in Australia is far from optimal. Large doses of antivenom have become a part of normal practice, 4, 14 with little reference to whether further antivenom is likely to be beneficial. This exposes patients to large amounts of equine protein at a significant cost in the absence of strong evidence of effectiveness. Anaphylaxis is a substantial risk of antivenom treatment, 4, 15 and treatment with adrenaline in the context of coagulopathy introduces additional risks for lethal intracerebral haemorrhage. This study suggests that antivenom as it is currently used in Australia for VICC is ineffective. However, antivenom is still required in appropriately determined doses 14 because other clinical effects such as neurotoxicity and myotoxicity are likely to be prevented or curtailed by early antivenom administration. 
